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Abstract

Background—Previous studies have shown that frontostriatal networks, especially those

involving dorsolateral prefrontal cortex (DLPFC) and ventrolateral prefrontal cortex (VLPFC)

mediate cognitive functions some of which are abnormal in schizophrenia. This study examines

white matter integrity of the tracts connecting DLPFC/VLPFC and striatum in patients with first-

episode schizophrenia (FESZ), and their associations with cognitive and clinical correlates.
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Methods—Diffusion tensor and structural magnetic resonance images were acquired on a 3T GE

Echospeed system from 16 FESZ and 18 demographically comparable healthy controls.

FreeSurfer software was used to parcellate regions of interest. Two-tensor tractography was

applied to extract fibers connecting striatum with rostral middle frontal gyrus (rMFG) and inferior

frontal gyrus (IFG), representing DLPFC and VLPFC respectively. DTI indices, including

fractional anisotropy (FA), trace, axial diffusivity (AD) and radial diffusivity (RD), were used for

group comparisons. Additionally, correlations were evaluated between these diffusion indices and

the Wisconsin Card Sorting Task (WCST) and the Brief Psychiatric Rating Scale (BPRS).

Results—FA was significantly reduced in the left IFG-striatum tract, whereas trace and RD were

significantly increased in rMFG-striatum and IFG-striatum tracts, bilaterally. The number of

WCST categories completed correlated positively with FA of the right rMFG-striatum tract, and

negatively with trace and RD of right rMFG-striatum and right IFG-striatum tracts in FESZ. The

BPRS scores did not correlate with these indices.

Conclusions—These data suggest that white matter tract abnormalities between rMFG/IFG and

striatum are present in FESZ and appear to be significantly associated with executive dysfunction

but not with symptom severity.

Keywords

first-episode schizophrenia; corticostriatal pathway; diffusion tensor imaging; tractography;
fractional anisotropy

1. Introduction

Positive and negative symptoms, along with cognitive impairments, represent three distinct

clusters that characterize schizophrenia. Among them, cognitive deficits often precede the

onset of other clinical symptoms (Reichenberg et al., 2006; Woodberry et al., 2008), and

persist even after other symptoms have been effectively treated (e.g., Heinrichs, 2005).

Thus, cognitive deficits are widely recognized as core features of schizophrenia (e.g., Barch,

2005), and have become a major focus in schizophrenia research (e.g., Keefe et al., 2007).

Investigating these impairments in the early stages of schizophrenia is important because

these patients are less affected by medication, substance abuse and/or aging, and thus

findings here are less confounded and could yield substantial improvements in clinical

treatment (e.g., Insel, 2010). An extensive meta-analysis of neurocognitive deficits in first

episode schizophrenia (Mesholam-Gately et al., 2009) confirmed that deficits are virtually as

severe at that point as in chronic phases (Heinrichs and Zakzanis, 1998). Thus, exploration

of cognitive dysfunction in the early stages of disease, such as in first episode schizophrenia

(FESZ), is a promising approach to understanding the mechanism of disease, especially

when linked to brain measures.

Moreover, frontostriatal networks (Meyer-Lindenberg et al., 2009; Waltz et al., 2007),

especially those involving striatal dopamine activity (Bach et al., 2008; Kegeles et al., 2010;

Simpson et al., 2010) and functions of dorsolateral prefrontal cortex (DLPFC) and

ventrolateral prefrontal cortex (VLPFC) (Manoach et al., 2000; Weinberger et al., 2001;

Boettiger and D'Esposito, 2005), have been shown to mediate some cognitive functions that

are abnormal in schizophrenia. The idea that both the VLPFC and DLPFC play a role in
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working memory has been reviewed by Lawrence et al. (1998). They note, for example, that

a spatial span test activates ventrolateral, instead of the dosolateral prefrontal cortical

regions whereas a spatial recognition test has the opposite activation pattern (Lawrence et

al., 1998). The frontal cortex is the main driving force of the basal ganglia, and the main

cortical inputs to the basal ganglia are to the striatum, which consists of the neostriatum

(caudate and putamen) and ventral striatum (nucleus accumbens) (Alexander et al., 1986).

Many investigators/anatomists divide the striatum into 3 functional/topographic zones,

namely associative striatum (most of the head of caudate and rostral putamen), sensorimotor

striatum (caudal and dorsolateral putamen and dorsolateral rim of caudate), and limbic

striatum (ventral caudate and putamen), each of which receives input from different

functionally related cortical areas (Selemon and Goldman-Rakic, 1985; Parent and Hazrati,

1995; Haber, 2003; Postuma and Dagher, 2006). In particular, associative striatum receives

input from areas such as DLPFC and VLPFC that are involved in executive and other

cognitive functions, sensorimotor striatum receives input from motor areas that are involved

in execution and planning of motor actions, and limbic striatum receives input from areas

such as orbital and medial prefrontal cortex that are involved in goal-directed behaviors and

emotional processing. Based on these studies, it is hypothesized that the DLPFC and VLPFC

project mostly to the associative striatum, and that these neural circuits are heavily involved

in executive function.

Most structural studies that have focused on frontostriatal pathways are based on anatomical

labeling and tracing studies performed in animal models, which only recently have begun to

be confirmed in humans in vivo using diffusion tensor imaging (DTI) techniques (Lehericy

et al., 2004a, 2004b). DTI is an imaging technique that can detect microstructural changes in

white matter based on properties of water diffusion (Basser et al., 1994). With this

technique, variables describing the anisotropy of diffusion such as fractional anisotropy

(FA), mean diffusivity (MD), trace, axial diffusivity (AD) and radial diffusivity (RD), can

be used as measures of white matter microstructure in vivo (Basser and Jones, 2002;

Whitford et al., 2010). Such measures go beyond simple gray and white matter volumetric

measures by providing information about the directionality of fiber tracts (Whitford et al.,

2010).

Up to now, only a few studies have used DTI techniques to examine microstructural changes

of the frontostriatal pathway in brain diseases (Casey et al., 2007; Haas et al., 2009; Liston

et al., 2011). These studies report reduced structural connectivity, in terms of FA, in right

frontostriatal projections in attention deficit hyperactivity disorder (ADHD) (Casey et al.,

2007; Liston et al., 2011), and increased density of left ventral frontostriatal tracts in fragile

X syndrome (Haas et al., 2009). There are currently no studies that have characterized

frontostriatal pathways in FESZ. In order to understand further the role of frontostriatal

pathways in schizophrenia, DTI is the technique of choice to quantify tracts connecting

frontal and striatal regions.

A few methods to date have been used to analyze DTI white matter, including: (1) region of

interest (ROI) analysis (see review in Kubicki et al., 2007), (2) voxel-based morphometry

(VBM) (Prez-Iglesias et al., 2010; Radua et al., 2011), and (3) tract-based analysis (Maddah

et al., 2008). As compared with ROI analysis, VBM and whole brain tract-based analysis are
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more objective because they do not assume prior knowledge regarding the existence of

abnormalities. In addition, compared with VBM, tract-based analysis examines all voxels

jointly instead of each voxel separately (Rathi et al., 2011). Accordingly, tract-based

analysis is the most suitable method for obtaining objective and biologically meaningful

information.

Several fiber tracking algorithms are available to delineate white matter tracts automatically,

such as streamline and stochastic tractography. The advantage of streamline is that it

requires much less time and computer power than stochastic tractography. However, it is

limited by a single tensor model, which does not take into account complex fiber

configurations such as crossings and branchings (Tuch et al., 2002; Kubicki et al., 2011). An

unscented Kalman filter (UKF) based two-tensor whole brain tractography algorithm created

in our lab (Malcolm et al., 2010a, 2010b), can solve the fiber crossing problem (Rathi et al.,

2011), and is thus optimal for studying complex connections such as the frontostriatal tracts.

In addition to white matter tracts, in order to understand fully structural changes of the

frontostriatal pathway, gray matter ROIs that the tracts connect cannot be ignored.

Accordingly, ROIs from structural imaging can be used to represent the anatomical locations

of DLPFC and VLPFC, which are terms from functional imaging studies. FreeSurfer

software (http://surfer.nmr.mgh.harvard.edu/) is able to parcellate the human brain into

standard gyral-based neuroanatomical regions, and the automated procedure is both

anatomically valid and highly reliable (Desikan et al., 2006). Previous studies have

suggested that the FreeSurfer parcellation called rostral middle frontal gyrus (rMFG) is most

likely to represent the DLPFC (Kikinis et al., 2010), and inferior frontal gyrus (IFG), which

consists of pars opercularis, pars triangularis and pars orbitalis parcellations in FreeSurfer

(Desikan et al., 2006), is most likely to represent the VLPFC (Rygula et al., 2010). The

striatum consists of the combined FreeSurfer parcellations of caudate, putamen and nucleus

accumbens. Based on these studies, FreeSurfer parcellations can be used to obtain gray

matter ROIs to represent DLPFC, VLPFC and striatum, respectively.

In this study, structural changes in DLPFC/VLPFC-striatum tracts in FESZ were examined

using FreeSurfer generated parcellations as ROIs and a two-tensor tractography algorithm.

We hypothesized that there would be abnormal diffusion indices in white matter pathways

connecting DLPFC and VLPFC with the striatum in FESZ. In addition, we hypothesized

that psychopathology and executive dysfunction in FESZ subjects would correlate with

abnormalities in diffusion indices.

2. Methods

2.1. Subjects

Sixteen first episode schizophrenia patients (FESZ) were recruited by referrals from

clinicians or through local hospitals. Eighteen healthy control subjects (HC) were recruited

through newspaper and website advertisements. All participant recruitment was done as part

of the Boston CIDAR Center (www.bostoncidar.org). DSM-IV diagnoses were based on

interviews with the Structured Clinical Interview for DSM-IV-TR (SCID), Research Version

(First et al., 2002) and information from patient medical records. All FESZ participants met
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DSM-IV-TR criteria for either schizophrenia, schizoaffective disorder or schizophreniform

disorder. Controls were drawn from the same geographic base as the FESZ group with

comparable age, gender, race and ethnicity, and parental socioeconomic status (PSES). No

controls met criteria for any current major DSM-IV-TR Axis I disorders, or any history of

psychosis, Major Depression (recurrent), Bipolar disorder, Obsessive Compulsive Disorder,

Post Traumatic Stress Disorder, or developmental disorders. Controls were also excluded for

any history of psychiatric hospitalizations, prodromal symptoms, schizotypal or other

Cluster A personality disorders, first degree relatives with psychosis, or any current or past

use of antipsychotics (other past psychotropic medication use was acceptable, but the

subjects must have been off medicine for at least 6 months before participating in the study,

except for prn medications like sleeping medications or anxiolytic agents, such as beta-

blockers for performance anxiety, tremors, etc.). Exclusion criteria for all subjects were:

sensory-motor handicaps, neurological disorders, medical illnesses that significantly impair

neurocognitive function, diagnosis of mental retardation, education less than 5th grade if

under 18 or less than 9th grade if 18 or above, not fluent in English, DSM-IV substance

abuse in the past month, DSM-IV substance dependence, excluding nicotine, in the past 3

months, current suicidality, no history of ECT within the past five years for patients and no

history of ECT ever for controls, or study participation by another family member.

Table 1 provides the demographic and clinical details for all subjects. All participants were

right-handed. Premorbid intellectual abilities were estimated using the reading subtest from

the Wide Range Achievements Test-4 (WRAT-4) (Wilkinson and Robertson, 2006). PSES

was evaluated using the Hollingshead (Hollingshead, 1975) two-factor index. All patients

were scanned at Brigham and Women's Hospital. The study was approved by the local IRB

committees at Harvard Medical School, Beth Israel Deaconess Medical Center,

Massachusetts General Hospital, Brigham and Women's Hospital and at the Veteran Affairs

Boston Healthcare System, Brockton campus. All study participants (or legal guardians for

those under 18) gave written informed consent prior to study participation, and subjects

received payment for participation.

2.2. Image acquisition

Diffusion weighted images (DWI) were acquired on a 3 Tesla GE Echospeed system

(General Electric Medical Systems, Milwaukee, WI) using an echo planar imaging (EPI)

DWI sequence. The following scan parameters were used: TR 17000 ms, TE 78 ms, FOV 24

cm, 144×144 matrix, 1.7 mm slice thickness. A double echo option was used to reduce

eddy-current related distortions. To reduce impact of EPI spatial distortions, an 8 Channel

coil was used that allowed parallel imaging, using ASSET (Array Spatial Sensitivity

Encoding Techniques, GE), with a Sensitivity encoding (SENSE)-factor (speed-up) of 2.

Acquisitions used 51 gradient directions with b=900s/mm2 and 8 baseline scans with b=0.

All scans had 85 axial slices parallel to the anterior commissure to posterior commissure

(AC–PC) line and covered the whole brain. The original GE sequence was modified to

increase spatial resolution and to minimize further image artifacts. The data was pre-

processed in order to reduce noise effects (Aja-Fernandez et al., 2008). Also, an affine

registration of the DWI to the baseline image, using FSL's linear image registration tool

(FLIRT) was employed in order to remove artifacts due to eddy currents and head motion
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(Rathi et al., 2011). Diffusion images were estimated from the DWI using a Least-Squares

method.

2.3. ROI acquisition

The FreeSurfer software package (version 4.0.2) was used to parcellate T1-weighted Spoiled

Gradient Echo (SPGR) images into cortical and subcortical gray and white matter regions

for each subject (Fischl et al., 2002). A T2 image of the same subject in the same coordinate

space as the SPGR image was then registered to the baseline DWI using the FSL's nonlinear

image registration tool (FNIRT) algorithm in the FSL software (Smith et al., 2004). This

diffeomorphism was applied to the label map obtained from T1 segmentation to obtain a

label map in the coordinate space of the diffusion images. Thus, a correspondence was

obtained across all the subjects by representing each ROI with the same label. We used

combined parcellations of caudate, putamen, and nucleus accumbens for the striatum gray

matter ROI. We used pars opercularis, pars triangularis and pars orbitalis for the IFG gray

matter ROI, which likely represents VLPFC, and we used rMFG as the third separate gray

matter ROI, which likely represents DLPFC, based on previous studies (Desikan et al.,

2006; Kikinis et al., 2010). Then the volume of each ROI for each subject was calculated

from the FreeSurfer software automatically.

2.4. Two-tensor tractography

The UKF based two-tensor tractography algorithm was used to trace fiber paths throughout

the brain (Malcolm et al., 2010a). Seeding was done in all the voxels where single tensor FA

was greater than 0.18. Each voxel was randomly seeded 10 times and each fiber tract was

traced from seed to termination, with the termination criteria FA<0.15 for the primary tensor

component, which is most consistent with the tracking direction. In order to ensure that the

connections were distinct and that the fiber tracts did not overlap, only those fibers that had

their end points on the surface of the desired ROIs were retained. Fiber extraction was done

for each subject for further analysis. This two-tensor tractography method has been

processed in this sample previously using a whole brain analysis (Rathi et al., 2011). In

comparison with other tractography methods, this method greatly improves the angular

resolution at fiber crossings and branching and thus allows for recovering tracts that pass

through such regions of the brain (Malcolm et al., 2010a). Specifically, two- tensor

tractography was initially applied in order to obtain fibers of the whole brain. The resulting

whole brain tractography, in turn, allows for the extraction of specific fiber tracts that

connect any specific ROIs of choice. In this study, we separately extracted fibers connecting

2 distinct frontal ROIs, the rMFG and the IFG, with the striatum.

In the neuroimaging research field, several diffusion indices have been used, namely FA,

that could capture the 3 dimensional character of the diffusion tensor (Basser and Jones,

2002). In our study, four indices were computed at each point along the fiber tract for all

selected fiber bundles. These indices included FA, the asphericity of diffusion, purported to

measure white matter integrity (Basser and Jones, 2002; Kubicki et al., 2007), trace, the sum

of the 3 directional diffusion, purported to measure white matter microstructures (Lee et al.,

2009; Oh et al., 2009), and AD and RD, the principal and perpendicular direction of the
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diffusion ellipsoid, purported to measure axonal and myelin integrity respectively (Song et

al., 2003; Whitford et al., 2010).

2.5. Neuropsychological and clinical measures

Executive function was measured using the computerized Wisconsin Card Sorting Test

(WCST) (Heaton, 1981; Nestor et al., 1993), which was administered by a research assistant

supervised by a trained psychologist. The WCST is one well established measure of

executive function and we chose in this initial study to reduce the numbers of executive

function variables to minimize Type I error, and we have studied its relationship to brain

structure in chronic schizophrenia previously (Seidman et al., 1994). In this study, we used

the WCST indices “categories completed” and “perseverative responses”. Clinical

symptoms were measured using the Brief Psychiatric Rating Scale (BPRS) (Overall and

Klett, 1972). We calculated BPRS total score and the four individual factors including

“thinking disturbance”, “hostile-suspiciousness”, “withdrawal/retardation” and “anxious-

depression”.

2.6. Statistical Analysis

Demographic data between FESZ and HC were compared using independent sample t-tests.

To compare the differences for ROI volumes, a three-factor repeated measures ANOVA was

applied, with group as a ‘between-subjects’ factor, and side (left, right) and ROI (rMFG,

IFG, striatum) as the two ‘within-subjects’ factors. Group differences for the diffusion

indices were compared using three-factor repeated measures ANOVA, with group as

‘between-subjects’ factor, side (left, right) and tract (rMFG-striatum, IFG-striatum) as the

two ‘within-subjects’ factors Post hoc two-factor ANOVA was applied for each ROI and

tract separately, with group as “between-subjects” factor, and side as “within-subjects”

factor. If the two-factor repeated measures ANOVA identified an overall between-group

difference, or group by side interaction, in a ROI volume or diffusion index, then

independent sample t-tests were applied with the significance level set at 0.05.

After group comparison, Spearman's rho correlations were conducted, so as not to be unduly

influenced by outliers, in FESZ and HC groups, separately, to investigate the relationship

between “categories completed” and “perseverative responses” from WCST and our

measures of white matter integrity. Correlations were only performed with diffusion

measures that demonstrated significant group differences. Spearman's rho correlations were

also conducted in the FESZ group to investigate the relationship between DTI measures and

symptom severity of each of the BPRS four factor scores, and of the total score.

3. Results

3.1. Representative ROIs and tracts

Figure 1 shows the representative ROIs: rMFG, IFG, striatum as well as the connecting

tracts between those ROIs, such as rMFG-striatum and IFG-striatum of one subject on the

left hemisphere. In order to exclude the confounding differences caused by the size of ROIs

from which the tractography was seeded, the ROI volumes were analyzed by three-factor

repeated measures ANOVA. No significant overall between-group differences
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(F(1,32)=0.063, p=0.804), group by ROI interactions (F(2,31)=0.491, p=0.617), nor group by

ROI by side interactions (F(2,31)=1.395, p=0.263) were detected. Post hoc two-factor

ANOVA for each ROI volume did not show group differences (for rMFG, F(1,32)=0.013,

p=0.910; for IFG, F(1,32)=0.482, p=0.493; for striatum, F(1,32)=0.103, p=0.750). Careful

review of the tracts revealed that, in all subjects, most of the tracts ended in the

precommissural striatum, which was defined as being localized anterior to the coronal slice

that contains the anterior commissure (AC). This observation is represented in the axial slice

seen in Figure 1A and 1D. The midline sagittal slice showed that a small part of the rMFG-

striatum tracts ended in the lateral postcommissural caudate (Figure 1B), while a small part

of the IFG-striatum tracts ended in the lateral postcommissural putamen (Figure 1E). The

AC localized coronal slice showed that most of rMFG-striatum and IFG-striatum tracts

ended in the dorsal striatum that was above the AC-PC plane (Figure 1C and 1F), while a

small part of the IFG-striatum tracts ended in the ventral striatum (Figure 1F).

3.2. Group differences of diffusion indices

In order to test whether or not the diffusion indices differed between groups, a three-factor

repeated measures ANOVA was performed. The results showed that there were significant

overall group differences for FA (F(1,32)=6.612, p=0.015), trace (F(1,32)=7.951, p=0.008),

and RD (F(1,32)=8.746, p=0.006), but not for AD (F(1,32)=2.844, p=0.101). Furthermore, a

post hoc two-factor ANOVA for the rMFG-striatum tract showed a significant group

difference for trace (F(1,32)=7.944, p=0.008) and RD (F(1,32)=8.736, p=0.006) and

approached a significant group difference for FA (F(1,32)=3.793, p=0.060). A post hoc two-

factor ANOVA for the IFG-striatum tract similarly showed a significant group difference for

trace (F(1,32)=13.892, p=0.001) and RD (F(1,32)=14.579, p=0.001) and, again, approached a

significant group difference for FA (F(1,32)=3.499, p=0.071).

Figures 2 and 3 show the follow-up independent sample t-tests results of FA, trace and RD

for the individual tracts. For the rMFG-striatum tracts, there were significant trace increases

bilaterally (left: t(32)=-2.586, p=0.014; right: t(32)=-2.243, p=0.032) and significant RD

increases bilaterally (left: t(32)=-2.649, p=0.012; right: t(32)=-2.087, p=0.045) in FESZ

(Figure 2). For the IFG-striatum tracts, there were significant FA reductions in the left side

(t(32)=2.199, p=0.035), significant trace increases bilaterally (left: t(32)=-3.781, p=0.001;

right: t(32)=-2.965, p=0.006) and significant RD increases bilaterally (left: t(32)=-3.974,

p<0.001; right: t(32)=-2.566, p=0.015) (Figure 3).

3.3. Cognitive and clinical correlations of diffusion indices in FESZ group

In FESZ, Spearman's rho correlations showed that the “categories completed” score in the

WCST was significantly positively correlated with FA (r=0.598, n=13, p=0.031), and

significantly negatively correlated with trace (r=-0.632, n=13, p=0.021) and RD (r=-0.700,

n=13, p=0.008) in the right rMFG-striatum tract (Figure 4). It was also significantly

negatively correlated with trace (r=-0.675, n=13, p=0.011) and RD (r=-0.606, n=13,

p=0.028) in the right IFG-striatum tract (Figure 5). There were no significant correlations

between “perseverative responses” and DTI measures in FESZ. No significant WCST

correlations were found in the HC group. Moreover, the BPRS total score and four
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individual factor scores in the FESZ group did not show significant correlations with any of

the diffusion indices.

4. Discussion

While most imaging studies have focused on individual regions of the frontostriatal

pathway, DTI was employed in this study to investigate tracts that comprise the

frontostriatal pathway. To our knowledge, this is the first study using DTI techniques to

examine white matter microstructural changes of the frontostriatal pathway in FESZ.

Overall, we showed disruption of white matter in the rMFG-striatum and IFG-striatum

tracts. Specifically, we showed a reduction of FA in the left hemisphere of the IFG-striatum

tract together with bilateral increases of trace and RD in both tracts in FESZ. Interestingly,

there were no group differences in gray matter volumes using Freesurfer, of rMFG, IFG, or

striatum. We further showed that the diffusion indices in the right but not the left rMFG-

striatum and IFG-striatum tracts were correlated with categories completed in the WCST,

but not with BPRS scores. These results indicate that there are white matter structural

changes in the frontostriatal pathway in FESZ, which are correlated with executive

dysfunction, but not with psychiatric symptoms.

Visual inspection of rMFG/IFG and striatum tracts confirms the hypothesis that most of the

tracts project to the associative striatum, namely the head of the caudate and rostral

putamen. This is in agreement with other anatomic studies that have been performed

primarily in animals (Selemon and Goldman-Rakic, 1985; Parent and Hazrati, 1995; Haber,

2003; Postuma and Dagher, 2006). Of note, Kegeles et al. (2010) recently used structural

magnetic resonance imaging (MRI) in human subjects to divide the striatum into 5 ROIs,

including the ventral striatum, the precommissural dorsal caudate and putamen, and the

postcommissural caudate and putamen. They classified the precommissural dorsal caudate

and putamen, and postcommissural caudate as associative striatum, and they reported

increased synaptic dopamine function in schizophrenia using positron emission tomography

(PET). Our finding is anatomically consistent with their definition, which also indicates that

the dopamine activity in the associative striatum might be related to the white matter

integrity of the rMFG/IFG-striatum pathway in FESZ.

FA is an index of the asphericity of diffusion. It is high in areas of high structural coherence,

such as white matter, lower in gray matter, and close to zero in cerebrospinal fluid. Thus, FA

reduction in white matter, though a non-specific measure, is generally thought to reflect a

reduction in white matter integrity (Kanaan et al., 2005; Kubicki et al., 2007). MD is the

mean extent of the 3 directional diffusion, which measures the average diffusion of water

molecules within tissues, whereas trace is the sum of the 3 directional diffusion. Thus an

increase in trace or MD in white matter generally indicates a disruption of white matter

microstructures (Lee et al., 2009; Oh et al., 2009). Although it is not possible to determine

with certainty the structural meaning of diffusion measures, our results of reduced FA and

increased trace in FESZ patients are consistent with the loss of axon fibers, myelin

pathology with an associated loss of fiber coherence, decrease in packing density, or an

increase in extracellular fluid (Peters et al., 2010; Levitt et al., 2012). Furthermore, our

finding of increased RD but no change in AD may point to a deficit in myelin integrity
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without axonal damage to frontostriatal pathways in FESZ as AD, which is the principal

direction of the diffusion ellipsoid, has been shown to assess axonal integrity while RD,

which is the perpendicular direction, has been shown to assess myelin integrity (Song et al.,

2003; Whitford et al., 2010). These findings also concur with previous neuropathologic

investigations in schizophrenia that have reported reduced density and numbers of

oligodendrocytes, the myelinating cells, in white matter in schizophrenia (Uranova et al.,

2004; Tkachev et al., 2007). Furthermore, prominent dysregulation of myelin-associated

gene expression and marked abnormalities in the ultrastructure of myelin sheaths have been

identified in schizophrenia (e.g., Haroutunian and Davis, 2007).

Besides the structural analysis of this frontostriatal pathway, we further investigated

correlations between white matter and executive function and symptom severity. Our results

showed a correlation between white matter integrity of the rMFG/IFG-striatum pathway and

executive function measured by the WCST in FESZ, but not in the HC group, and no

significant correlations with symptom severity as measured by BPRS. These findings

suggest that the frontostriatal pathway plays an important role in executive dysfunction. The

disrupted white matter integrity, especially myelin integrity, was related to worse executive

function, and this correlation was seen only in the right frontostriatal tracts. Previous studies

have reported that prefrontal cortex (Seidman et al., 1994; Manoach et al., 2000; Weinberger

et al., 2001; Boettiger and D'Esposito, 2005) and striatal dopamine activity (Bach et al.,

2008; Kegeles et al., 2010; Simpson et al., 2010) mediate executive function, which are

abnormal in schizophrenia. Our study is consistent with these studies, and provides evidence

that executive function is not only related to the activity of individual frontal or striatal

regions, but is also related to the networks or pathways that connect these regions. Our data

support that the associative striatum is an important location where convergent abnormal

inputs may adversely affect it in schizophnrenia. In schizophrenia, Kegeles et al (2010),

using PET have shown that there is an increase in dopamine neurotranmission/activity in the

striatum, but in particular in the associative striatum. In our paper, we showed white matter

abnormalities in FESZ in frontostriatal pathways connecting the DLPFC and VLPFC to the

striatum which on visual inspection predominantly targeted precommisural putamen and

caudate, which represent a good portion of the associative striatum (Kegeles et al., 2010).

Thus, we believe these two findings are convergent. That is, schizophrenia patients appear

both to have increased dopamine activity in the associative striatum and to receive abnormal

white matter input from the cortex to the associative striatum.

Our structural findings also support a functional imaging study that has shown reduced

activity in the prefrontal cortex in schizophrenia is associated with increased presynaptic

striatal dopaminergic function (Meyer-Lindenberg et al., 2002). Another functional imaging

study in subjects at clinical high risk for schizophrenia (Fusar-Poli et al., 2011) has also

found significant correlations between prefrontal activity and striatal dopamine function.

The results of the two studies were in different prefrontal subregions and different sides,

which is likely due to the different cognitive function tasks that were used and to differences

in subject samples. For example, the first study (Meyer-Lindenberg et al., 2002) used the

WCST task in chronic schizophrenia patients, and showed significant negative correlations

of striatal dopamine level with right DLPFC (relevant to the rMFG in our study), while the

second study (Fusar-Poli et al., 2011) used a verbal fluency task in persons at clinical high
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risk for psychosis, and showed positive correlations of striatal dopamine level with left IFG.

The precise localization of executive function within the prefrontal cortex has proven to be

controversial (Duncan and Owen, 2000). As explained in the second study, both reduced

activation of DLPFC and a compensatory activation of the VLPFC contribute to the core

functional abnormalities underlying neurocognitive impairments in schizophrenia (Tan et

al., 2007). Our study supports the above hypothesis and indicates that the white matter

integrity of both DLPFC-striatum and VLPFC-striatum tracts are involved in executive

function in FESZ. However, the former tracts might be more associated with executive

function while the latter tracts, VLPFC-striatum tracts, do not show significant correlations

between FA and any index of the WCST.

To underscore the importance of white matter in contrast to gray matter, we also measured

gray matter volumes of these frontal regions and striatum. That no volume change was

found in our study may indicate that change in white matter integrity could occur in the

absence of gray matter pathology. Previous studies have not reached an agreement regarding

the presence of gray matter volume changes in rMFG, IFG and striatum in FESZ (see

reviews in Ellison-Wright et al., 2008; Levitt et al., 2010), which probably is due to different

ways of obtaining ROIs and analyzing group differences. Ellison-Wright et al. (2008)

reviewed studies that used VBM analysis for volume comparisons and found in FESZ

volume reduction in bilateral IFG, while no volume difference in MFG or striatum. Levitt et

al. (2010) reviewed studies that used ROI manual tracing methodology for volume

comparisons and found that in chronic schizophrenia 25% of studies reported volume

reduction in MFG and 66.7% of studies reported volume reduction in IFG, while no studies

compared volume change in MFG or IFG in FESZ. Meanwhile, 100% of 3 studies reported

no volume change in the caudate in FESZ. Our study, which used FreeSurfer, an automatic

method to obtain ROIs, found no volume change for any of the gray matter ROIs. Additional

studies are clearly needed in order further to explore the issue of gray matter volume

changes in FESZ.

Potential limitations of the paper include the following. First, although the patients in our

study were FESZ, some of them had already received medication at the time of scanning,

which could potentially influence structural changes. Second, we compared the tracts

connecting prefrontal regions with the whole striatum, instead of looking at the tracts

projecting to specific subregions of the striatum such as precommissural and

postcommissural caudate and putamen. Thus, our finding of topographic specificity, though

consistent with animal studies, remains non-quantitative. Third, we used automatic methods

to obtain gray matter ROIs, which is still limited in accuracy as compared with manual

tracing. Fourth, although two-tensor tractography is advantageous in extracting crossing

fibers, some of the fibers might be false positive results. Fifth, our cognitive correlations

should be considered preliminary and exploratory as we selected only one measure of

cognitive function and multiple comparisons were performed, raising the possibility of a

Type 1 error. We note, however, that the findings were in the predicted directions.

Moreover, despite the fact that the number of computed correlations increased the risk of a

Type I error, there are fewer studies investigating the brain behavior correlations for white

matter than gray matter in schizophrenia and, thus, we believe it remains helpful to search

for possible useful clinical correlations which subsequent studies can then either replicate or
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not. Sixth, the absence of our finding correlations with symptoms should be considered

preliminary, since more comprehensive symptom scales such as PANSS and/or SAPS/

SANS were not used in this study. Additionally, we note that follow-up 2-factor ANOVAs

when we analyzed the rMFG-striatum tract and the IFG-striatum tracts, separately, were

confirmatory of our 3-factor repeated measures ANOVA analyses for both trace and RA and

largely confirmatory of our FA measures with a main effect for group in both tracts

approaching significance. We, thus, believe, follow-up t-test performed comparing groups

on all 3 measures are justified. Finally, the sample size was small and thus we were unable

to test the potential effect of neuroleptic medications on our findings. Therefore, further

studies are needed, with larger samples, to explore both medicated and unmedicated

subjects, to focus on subregions of the striatum, and to improve automatic methods for

assessing ROIs, in order to increase our understanding of structural changes in frontostriatal

pathways in schizophrenia.

In conclusion, we found disrupted white matter integrity, especially myelin integrity, in the

tracts connecting striatum with rMFG and IFG in FESZ, and these disruptions were

associated with one measure of impaired executive function. This indicates that

abnormalities in the structure and/or function of the frontostriatal networks, instead of the

frontal and striatal regions alone, are the pathophysiological features of schizophrenia,

which will shed light on the etiology and early diagnosis of schizophrenia. Future studies

need to focus on the frontostriatal pathway in different stages of the development of illness,

as well as to investigate different factors that affect this pathway, such as dopamine activity

related genes and proteins, namely COMT (Tunbridge et al., 2006), GABA and glutamate

function (Carlsson et al., 2001; Meisenzahl et al., 2007), and other brain regions that are

closely related to this pathway, such as the thalamus (Csernansky and Cronenwett, 2008;

Hoffman et al., 2011). Furthermore, future studies also should examine specific tract

connections between the cortex and the striatum such as tracts projecting from multiple

cortical ROIs to specific functional subregions of the striatum.
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Figure 1.
Tracts (yellow) and ROIs including rMFG (green), IFG (blue) and striatum (red) overlaid on

a diffusion image. A-C show rMFG-striatum tracts and related ROIs in axial, sagittal and

coronal slices respectively. D-F show IFG-striatum tracts and related ROIs in axial, sagittal

and coronal slices respectively. The black line represents a plane, which includes the

anterior commissure. L: left, R: right, A: anterior, P: posterior.
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Figure 2.
Group differences of diffusion indices of the rMFG-striatum tracts. The black bars represent

mean values. The blue and red bars represent mean±sem. The asterisks represent significant

group differences, * 0.01<p<0.05. HC: healthy controls, and FESZ: first-pisode

schizophrenia patients. Trace and radial diffusivity are expressed in 10-3 mm2/sec.
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Figure 3.
Group differences of diffusion indices of the IFG-striatum tracts. The black bars represent

mean values. The blue and red bars represent mean±sem. The asterisks represent significant

group differences, * 0.01<p<0.05, ** p<0.01. HC: healthy controls, and FESZ: first-episode

schizophrenia patients. Trace and radial diffusivity are expressed in 10-3 mm2/sec.
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Figure 4.
Correlations between diffusion indices of rMFG-striatum tracts and WCST scores in first-

episode schizophrenia patients. The black line represents the best-linear-fit for the data.

Although Spearman correlations were used for testing statistical significance, regression

lines have been plotted for the convenience of the reader. Trace and radial diffusivity are

expressed in 10-3 mm2/sec.
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Figure 5.
Correlations between diffusion indices of IFG-striatum tracts and WCST scores in first-

episode schizophrenia patients. The black line represents the best-linear-fit for the data.

Although Spearman correlations were used for testing statistical significance, regression

lines have been plotted for the convenience of the reader. Trace and radial diffusivity are

expressed in 10-3 mm2/sec.
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